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Abstract 

The toll-like receptor (TLR) has been suggested as a candidate cause for diabetic nephropathy. Recently, we have reported 
the TLR4 expression in diabetic mouse glomerular endothelium. The study here investigates the effects of the periodontal 
pathogen Porphyromonas gingivalis lipopolysaccharide (LPS) which is a ligand forTLR2 and TLR4 in diabetic nephropathy. In 
laser-scanning microscopy of glomeruli of streptozotocin- and a high fat diet feed-induced type I and type II diabetic mice, 
TLR2 localized on the glomerular endothelium and proximal tubule epithelium. The TLR2 mRNA was detected in diabetic 
mouse glomeruli by in situ hybridization and in real-time PCR of the renal cortex, the TLR2 mRNA amounts were larger in 
diabetic mice than in non-diabetic mice. All diabetic mice subjected to repeated LPS administrations died within the survival 
period of all of the diabetic mice not administered LPS and of all of the non-diabetic LPS-administered mice. The LPS 
administration promoted the production of urinary protein, the accumulation of type I collagen in the glomeruli, and the 
increases in IL-6, TNF-a, and TGF-p in the renal cortex of the glomeruli of the diabetic mice. It is thought that blood TLR 
ligands like Porpliyromonas gingivalis LPS induce the glomerular endothelium to produce cytokines which aid 
glomerulosclerosis. Periodontitis may promote diabetic nephropathy. 
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Introduction 

Diabetes mellitus is a dysfunction of the glucose metabolism 
caused by an absence or insufficient production of insulin and it is 
classified into type 1 with autoimmune destruction of insulin- 
secreting P cells, and type 2: metabohc disorders which comprise 
95% of diabetes mellitus cases. A hyperglycemic environment 
generates advanced glycation end products (AGE) like Ns- 
(carboxymethyl) lysine (CML) and the hydroxyl radical produced 
in the process damage endothelial cells due to long-term oxidative 
stress, further, the recognition of blood AGE through AGE 
receptors induces the production of various cytokines from 
endothelial cells and leukocytes, resulting in cardiovascular 
complications [1], [2], [3]. Diabetic nephropathy is a very serious 
complication of chronic renal disease, characterized by renal 
failure or dysfunction with podocyte loss, glomerular basement 
membrane thickening, tubular dysfunction, and expansion of the 
mesangium which is composed of extracellular matrix proteins 
from mesangial cells around glomerular capillaries. Diabetic 
nephropathy causes occlusion of glomerular capillaries based on 
glomerulosclerosis and arises from excess accumulation of 
extracellular matrix but details of the mechanisms are not fuUy 
elucidated [4], [5], [6], [7]. 



Recently, the toll-like receptor (TLR) has been suggested as a 
candidate cause of diabetic nephropathy [8], [9], [10]. The TLRs 
which are sensors for pathogen-associated molecular patterns 
common to bacterial components also recognize extracellular 
matrix degradation products, fatty acids, and AGE, and the 
recognition finally results in cytokine production in leukocytes and 
blood endothelial cells [11], [12], [13], [14], [15]. BasicaUy, gram- 
positive bacterial components like lipoteichoic acid are recognized 
by TLR2 and gram-negative bacterial components like lipopoly- 
saccharide (LPS) are recognized by TLR4, and further LPS from 
the periodontal pathogen Porphyromonas gingivals binds both TLR2 
and TLR4 [16], [17], [18]. A hyperglycemic environment of at 
least 1 1.2 mM glucose, which is the diagnostic reference value for 
diabetes mellitus, and the presence of CML and free fatty acid 
elevate TLR2 and TLR4 levels in monocytes, glomeruli, and 
proximal tubules in diabetic nephropathy, and in the cultured rat 
renal proximal tubular ceU line NRK-52E [19], [20], [21]. The 
TLR ligand engagement gives rise to production of pro- 
inflammatory cytokines like tumor necrosis factor-a (TNF-ot) and 
interleukin (IL)-6, and also production of anti-inflammatory 
cytokines like transforming growth factor-^ (TGF-P), and the 
cytokines finally promote an overproduction of mesangial matrix, 
such as type I coUagen [12], [13], [22], [23], [24]. However, there 
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Table 1. Sequence of primers. 





protein 


bp 


upper (5 -3 ) 


lower (5'-3') 


P-actin 


411 


GTTCTACAAATGTGGCTGAGGA 


ATTGGTCTCAAGTCAGTGTACAG 


podoplanin 


192 


CACCTCAGCAACCTCAGAC 


AAGACGCCAACTATGATTCCAA 


IL-6 


263 


ATGTTCTCTGGGAAATCGTGGAAAT 


TCTCTGAAGGACTCTGGCTTTGT 


TGF-p 


372 


GCGTGCTAATGGTGGACCG 


CGTGGAGTTTGTTATCTTTGCTGTC 


TNF-a 


355 


GCGAGGACAGCAAGGGACT 


GAGGCCATTTGGGAACTTCTCAT 



doi:l 0.1 371 /journal.pone.00971 65.t001 



are no reports that have shown the TLR localization and the 
ligand-induced cytokine production in diabetic renal constituents 
by high-resolution optical images. Recentiy, we have reported 
TLR4 expression in glomerular endothelial cells in type 1 and type 
2 diabetic mice by confocal laser scanning microscopy [25]. 

Blood components morphologically easily accumulate in the 
tufts of glomerular-shaped capillaries in high blood pressure 
environments and influence glomerular endothelial cells. It is 
thought that the recognition of blood AGE through the receptors 
on glomerular endothelial cells induces TLR expression, and that 
the ligand engagement with TLR triggers the cytokine production 
of glomerular endothelium, which promotes diabetic nephropathy. 

The present study aimed to examine the TLR2 expression in 
glomerular endothelial cells in diabetic mice and the effect of LPS 
from the periodontal pathogen Porphyromonas gingivalis on the 
progress of diabetic nephropathy. 

Materials and Methods 

Two animal studies were performed to achieve the project 
goals. Study 1 : A streptozotocin (STZ) and a genetic background 
induced diabetic mouse model were used to investigate the 
localization of TLR2 in the diabetic renal constituents. Study 2: 
The survival rate with Porphyromonas gingivals LPS administration 
was compared for normal and diabetic mice to assess the 
promotion of diabetic nephropathy by the interaction of TLR 
and oral pathogens. The studies here used control and experi- 
mental groups with eight mice in each group (2/cage). The 
manuscript was prepared following the ARRIVE guidelines. 

Animals 

The experimental protocol for the animal use was reviewed and 
approved by the Animal Experiment Committee of Fukuoka 
Dental College in accordance with the principles of the Helsinki 
Declaration. Breeding and experiments were performed in a room 
with a 100% controlled atmosphere which had passed an 
examination for bacteria and is located in the Fukuoka Dental 
College Animal Center. Mice grew normally and lived healthily 
under conventional atmosphere conditions with normal feeding in 
cages and rooms in which temperature (22°C) and humidity (55%) 
were completely controlled. The mice were housed with an inverse 
12 hour day-night cycle with lights on from 7:00pm. 

Humane endpoints were used in the experiments as a rapid and 
accurate method for assessing the health status of the mice, that is, 
mice with loss of the ability to ambulate (inability to access food or 
water) were euthanized by induction anesthesia (1 1/min of 2% 
isoflurane mixed with 30% oxygen and 70% nitrous oxide with an 
anaesthetic apparatus) followed by cervical dislocation and 
intraperitoneal injections with sodium pentobarbital (10 ml/kg. 
Nembutal, Abbott Laboratories, North Chicago, IL). 



The streptozotocin (STZ)-injected closed line ICR mice (Japan 
Clea Inc., Osaka, Japan) and KK/TaJcl (KK/Ta; Japan Clea) 
mice with a genetic background of insulin-independent diabetes 
were used as the diabetic models [25]. Five-week-old male ICR 
mice were given a single intraperitoneal injection of STZ (200 mg/ 
kg body weight)(Sigma, St. Louis) in a 0.05 M citric acid buffer at 
pH 4.5 (20 mg/ml). The non-diabetic controls were ICR mice 
intraperitoneally administered with 0.05 M citric acid buffer only. 
The injection was conducted under inhalation anesthesia with 2% 
isoflurane. Carprofen (7.5 mg/kg; Wako Pure Chemical Indus- 
tries, Ltd., Osaka, Japan) was used pre-injection for preemptive 
analgesia and post-injection every 12-24 hours. The animal 
condition was checked every 8 hours for the first 2 days after the 
injection, and every 12 hours thereafter. The blood glucose was 
checked once a week after the injection by measurements of the 
blood glucose using a Glutest Sensor (Sanwa Kagaku Kenkyusyo 
CO., LTD., Nagoya, Japan). One week after the STZ injection 
diabetes was confirmed and ICR mice with blood glucose above 
600 mg/dl for four months were designated as STZ-induced type I 
diabetic mice. Nine-week-old male KK/Ta mice were fed a high 
fat diet feed (HFD32 pF], Japan Clea) for five months, and KK/ 
Ta mice with blood glucose levels above 600 mg/cU were 
designated as HF-induced type II diabetic mice. The non-diabetic 
controls were KK/Ta mice given normal feed. AU mice were 
euthanized by induction anesthesia with 2% Isoflurane followed 
by cervical dislocation at the end of the designated period of the 
experiments, and the mouse tissue was collected. 

LPS Administration 

To investigate the survival rate of the diabetic mice with LPS, 
Porphyromonas gingivalis LPS (3 mg/kg, LD50 = 30 mg/kg body 
weight)(W ako) was administered repeatedly intraperitoneally once 
a week to the STZ-induced diabetic mice which had shown blood 
glucose levels above 600 mg/cU for four months [26], [27]. The 
injection was conducted under inhalation anesthesia with 2% 
isoflurane. Carprofen (7.5 mg/kg; Wako) was used pre-injection 
for preemptive analgesia and post-injection every 12-24 hours. 
The animal condition was checked every 8 hours for the first 2 
days after the injection, and every 12 hours thereafter. The urine 
of the ICR mice, the ICR mice with repeated LPS administra- 
tions, the STZ-induced diabetic mice, and the STZ-induced type I 
diabetic mice with repeated LPS administrations, was analyzed for 
sugar, protein, and bleeding by urine reagent strips (Uriace, 
Terumo Corporation, Tokyo, Japan) once a week from the 1st 
LPS administration and at humane endpoints described above. AU 
mice were euthanized by induction anesthesia with 2% Isoflurane 
followed by cervical dislocation at the end of the designated period 
of the experiments, and the mouse tissue was collected. 
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Figure 1. Immunostaining for TLR2, PECAWl-l, podoplanin, and VE-cadherin. IVlouse and human leul<ocyte cell line J774A.1 and HL60 were 
immunostained with both anti-PECAM-1 (CD31) and anti-TLR2, and nuclei were stained by DAPI. In the mouse heart section, lymphatic vessels 
(arrowheads) were immunostained by anti-podoplanin (PDPN) and a blood vessel (arrows) was stained by anti-VE-cadherin (VE-cad). In the human 
kidney section with type II diabetic nephropathy, there are glomerular endothelial cells immunostained with both anti-PECAM-l (CD31) and anti-TLR2 
(arrows), and cells that are only immunostained with anti-TLR2 (arrowheads). Bar: 20 |im. 
doi:10.1371/journal.pone.0097165.g001 



Immunohistochemistry 

The mouse monocyte-macrophage cell line J774A. 1 
(JCRB9108, JCRB Cell Bank, Osaka, Japan) and human leukemia 
cell Kne HL60 gCRB0085) were cultured in RPMI1640 medium 
with L-glutamine and 10% fetal bovine serum, and seeded onto 
sUde glass. Frozen human kidney tissue sections of type II diabetes 
meUitus (BioChain Instisute, Inc., Newark, CA) were used for the 
immunohistochemical examinations. Cells and frozen 10 |.tm 
mouse kidney tissue sections cut in a cryostat were placed on the 
slide glass. The cells and sections were fixed in 100% methanol for 
5 min at — 20°C, treated with 0.1% goat serum for 30 min at 



20°C, and then treated for 8 hrs at 4°C with PBS containing 0. 1 % 
goat serum and the following primary antibodies (1 |J-g/ml): 
hamster monoclonal anti-mouse podoplanin (AngioBio Co., Del 
Mar, CA) as a podocyte marker, rat monoclonal anti-mouse TLR2 
(R&D Systems Inc., Minneapolis, MN), rabbit polyclonal anti- 
mouse vascular endothelial (VE)-cadherin (Abeam pic, Cam- 
bridge, UK), rabbit polyclonal anti-mouse platelet endothelial cell 
adhesion molecule- 1 (PECAM-1, Abeam), rabbit polyclonal anti- 
mouse IL-6 (Abeam), rabbit polyclonal anti-mouse TNF-a 
(Abeam), rabbit polyclonal anti-mouse TGF-P (Abeam), and 
rabbit polyclonal anti-type I collagen (Abeam). After the treatment 
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Figure 2. Distribution of TLR2-positive cells in diabetic mouse kidneys. The immunostained sections were re-stained by HE staining. The HE 
staining shows that renal tubules are expanded in the cortex of the kidneys of STZ-induced type I diabetic ICR mice (ICR-STZ) and of HF-induced type 
II diabetic KK/Ta mice (KK/Ta-HF). In the non-diabetic ICR mouse kidney section, all of the glomeruli were immunostained with the antibody for the 
podocyte marker, podoplanin (PDPN, arrows, staining red), while there were no cells reacting with anti-TLR2. In the ICR-STZ and KK/Ta-HF mouse 
kidney sections, there are areas immunostained by anti-TLR2 (arrowheads, staining green) in all of the podoplanin-positive glomeruli. In the KK/T"a 
mouse kidney sections, podoplanin-negative proximal tubules which are more strongly stained with eosin than the distal tubules are also 
immunostained by anti-TLR2 (white arrowheads, staining green). In the ICR-STZ and KK/Ta-HF mouse kidney sections, distal tubules, collecting 
tubules, and blood vessels outside glomeruli are not stained. Bar: 100 |im. 
doi:10.1371/journal.pone.0097165.g002 



with primary antibodies the sections were washed three times in 
PBS for 10 min and immunostained for 0.5 hr at 20°C with 
0.1 Hg/ml of second antibodies: Alexa Fluor (AF) 488 or 568- 
conjugated goat anti-hamster, goat anti-rabbit, or goat anti-rat 
IgGs (Probes Invitrogen Com., Eugene, OR). The immunostained 
sections were mounted in 50% polyvinylpyrrohdone solution and 
examined by fluorescence microscopy (BZ-8100, Keyence Corp., 
Osaka, Japan) or confocal laser-scanning microscopy (LSM710, 
Carl Zeiss, Jena, Germany) with an x63 oil Plan Apochromatic 
objective lens (numerical aperture xl.3). 

In situ Hybridization 

The frozen 10 |.tm sections cut in a cryostat and placed on slide 
glass were fixed in 4% paraformaldehyde-PBS and air dried in an 
oven at 60°C for 1 hr. All procedures of the in situ hybridization for 
mouse TLR2 mRNA and 3,3'-Diaminobenzidine (DAB) staining 
on the hybridized genes were performed by the RNAscope 2.0 
FFPE Assay (Advanced Cell Diagnostics, Inc., Hayward, CA) and 



a probe for mouse TLR2 mRNA (NM_01 1905.3, 1069-2039, 
Advanced Cell Diagnostics) including negative and positive 
controls according to the manufacturer's instructions. Several 
negative controls (e.g. sense probe and no probe) were run in 
parallel with the experimental reactions. 

Reverse Transcription (RT)-PCR and Real-time PGR 

The tissue was peeled away from the kidney within a 5 mm 
square by an 18-gauge needle under a stereoscopic microscope. 
The total RNA extraction from the tissue was performed with a 
QIAshredder column and an RNeasy kit (Qiagen, Inc., Tokyo, 
Japan). Contaminating genomic DNA was removed using DNA- 
free (Ambion, Huntingdon, UK), and the RT was performed on 
30 ng of total RNA, followed by 30 cycles of PCR for amplification 
using the Ex Taq hot start version (Takara Bio Inc., Otsu, Japan) 
with 50 pM of primer sets for mouse P-actin, TLR2, IL-6, TGF-P, 
and TNF-otmRNAs (Table 1), where the specificities had been 
confirmed by the manufacturer (Sigma-Genosys Ltd., Cambridge, 
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Figure 3. Localization of TLR2 in the glomeruli of STZ-induced type I diabetic ICR mouse kidneys. The HE staining showed that glomeruli 
(Gl) of the diabetic mice are subject to sclerosis. In the laser-scanning confocal microscopy, the region reacting with anti-podoplanin (PDPN, 
arrowhead) does not coincide with the region reacting with anti-TLR2 (arrows) in the merged image while the regions reacting with VE-cadherin and 
anti-PECAM-1 (arrowheads) coincide with the regions reacting with anti-TLR2 (arrows) in the merged images (rightmost column). Bar: 20 |im. 
doi:1 0.1 371/journal.pone.00971 65.g003 



UK). The RT-PCR products were separated on 2% agarose gel 
(NuSieve; FMC, RocUand, ME, USA) and visualized by Syber 
Green (Takara). The correct size of the amplified PGR products 
was confirmed by gel electrophoresis and amplification of accurate 
targets was confirmed by sequence analysis. To quantify mRNA 
generation, cDNA samples were analyzed by real-time quantita- 
tive PGR. A total of 1 nl of cDNA was amplified in a 25-|J.l volume 
of PowerSYBR Green PGR Master Mix (Applied Biosystems, 
Foster Gity, GA, USA) in a Stratagene MxSOOOP real-time PGR 
system (Agilent Technologies, Inc., Santa Glara, CA, USA), and 
the fluorescence was monitored at each cycle. Gycle parameters 
were 95°G for 15 min to activate Taq followed by 35 cycles of 
95°G for 15 s, 58°C for 1 min, and 72°C for 1 min. For the real- 
time analysis, two standard curves were constructed from 
amplicons for both the P-actin and target genes in three serial 4- 
fold dilutions of cDNA. The P-actin or target gene cDNA levels in 
each sample were quantified against P-actin or the target gene 
standard curves by allowing the MxSOOOP software to accurately 
determine each cDNA unit. Finally, target gene cDNA units in 
each sample were normalized toP-actiii cDNA units. Finally, the 
relative target gene expression units were expressed as arbitrary 
units, calculated according to the following formula: relative target 



gene expression units = target gene cDNA units/ P-actin cDNA 
units. 

Measurements of the Immunostained Areas of Tissue 
Sections 

Areas immunostained by anti-type I collagen and anti- 
podoplanin were measured around different glomeruli (10/ section) 
in laser-scanned microscopic images at 819x magnification by 
ImageJ (National Institutes of Health, Bethesda, MD). The relative 
volume of type I collagen accumulation was expressed by the 
mean of the ratio: area of type I collagen in a glomerulus/ area of a 
glomerulus within podoplanin-positive podocytes. 

Statistics 

All experiments were repeated five times, and data are 
expressed as mean-HSD. The statistical significance of differences 
(p<0.05) was determined by the Student's t test and one-way 
ANOVA with STATVIEW 4.51 software (Abacus concepts, 
Galabasas, GA, USA). 
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Figure 4. Localization of TLR2 in the glomeruli of HF-induced type II diabetic KK/Ta mouse kidneys. The HE staining showed that 
glomeruli (Gl) of the KK/T"a-HF mice are subject to sclerosis. In the laser-scanning confocal microscopy, epithelial cells of proximal tubules (PT) did not 
react with anti-podoplanin (PDPN) but reacted with anti-TLR2 (arrows) at the inside. The regions reacting with VE-cadherin and anti-PECAIVI-1 
(arrowheads) coincided with the regions reacting with anti-TLR2 (arrows) in the merged images. Bar: 20 |im. 
doi:10.1371/journal.pone.0097165.g004 



Results 

Distribution of TLR2-posltlve Cells in the Diabetic Mouse 
Kidney 

The mouse monocyte-macrophage cell lineJ774A. 1 and human 
leukocyte cell line HL60 were immunostained with both anti- 
PECAM-1 and anti-TLR2 (Fig. 1). In the mouse heart, lymphatic 
vessels and blood vessels were immunostained by anti-podoplanin 
and anti- VE-cadherin, respectively. There were no cross reactions 
with primary or secondary antibodies in any of the negative 
controls and there were no differences in the fluorescence intensity 
of the target proteins of the single and double immunostaining 
with primary antibodies (not shown). In the human kidney samples 
with diabetic nephropathy, there were PEC AM- 1 -positive glo- 
merular endothelial cells reacted with both anti-PECAM-1 and 
anti-TLR2, and cells only immunostained with anti-TLR2. The 
TLR2 expression was immunohistochemically examined in the 
renal constituents of STZ-induced type I and HF-induced type II 
diabetic mice (Fig. 2). In the renal cortex of diabetic mice, 
glomeruli showed sclerosis based on the mesangial thickening and 
renal tubules were expanded, and the tissue is collapsed by edema. 
There were no glomeruli immunostained by anti-TLR2 in the 



kidney tissue of non-diabetic control mice untreated with STZ 
(Fig. 2) or HF (not shown), whereas almost all glomeruli had areas 
immunostained by anti-TLR2 in the kidney tissue of STZ- and 
HF-induced diabetic mice. In the kidney tissue of HF-induced 
diabetic mice, there were proximal tubules immunostained by 
anti-TLR2, while distal tubules, collecting tubules, and blood 
vessels outside the glomeruli were not stained (Fig. 2). In the laser- 
scanning confocal microscopy on the glomeruli of the STZ- and 
HF-induced diabetic mice, podoplanin-positive podocytes were 
not immunostained with anti-TLR2 while VE-cadherin and 
PECAM- 1 -positive glomerular endothelial cells were stained 
(Fig. 3, Fig. 4), and reaction products with anti-TLR2 were 
present at the inside of proximal tubule epithelial cells of HF- 
induced diabetic mice. 

Gene Expression of TLR2 in the Diabetic Mouse Kidney 

In situ hybridization for TLR2 mRNA showed that almost all 
signals on the genes hybridized with the probe for TLR2 mRNA 
were present in glomeruli but there were only few in the 
constituents outside the glomeruli of non-diabetic mouse kidney 
tissue (Fig. 5). In the STZ-induced type I and HF-induced type II 
diabetic mouse kidney tissue, the signals for TLR2 mRNA were 
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Figure 5. /n situ hybridization for TLR2 mRNA of the diabetic mouse Itidneys. DAB signals for the genes hybridized with the probe for TLR2 
mRNA (closed arrowheads) are present weakly at the glomeruli (Gl) of non-diabetic ICR and KKAFa mice, and strongly at the glomeruli of STZ-induced 
type I diabetic ICR mice (ICR-STZ) and HF-induced type II diabetic KK/Ta mice (KK/Ta-HF). DAB signals are also positive at the proximal tubules (PT) of 
ICR-STZ and KK/Ta-HF. There are leukocytes with DAB signals on the internal peroxidase (open arrowheads) in the blood vessels (BV) of the non- 
diabetic ICR mouse section (top left). Bar: 20 |j.m. 
doi:1 0.1 371 /journal.pone.00971 65.g005 



present at glomeruli and proximal tubules to a stronger extent 
than in the kidneys of non-diabetic mice. Analysis of RT-PCR and 
quantitative real-time PGR for TLR2 mRNA in the mouse renal 
cortex showed that the mRNA amounts were larger in STZ- 
induced diabetic mice than in the non-diabetic mice (Fig. 6A). 

Effects of Porphyromonas gingivalis LPS on Diabetic 
Nephropathy 

AH of the STZ-induced type I diabetic mice subjected to 
repeated intraperitoneal administration of Porphyromonas gingivalis 
LPS died within the survival period of all of the diabetic mice not 
administered LPS and non-diabetic mice administered LPS 
(Fig. 6B). Urinalysis show substantial concentrations of urinary 
sugar in the STZ-induced diabetic mice both with and without 
repeated LPS administrations, and that urinary protein levels were 
higher in the diabetic mice with LPS administration than in the 
diabetic mice without LPS administration (Fig. 6C). The intensity 
and area of reaction products with anti-type I collagen were 
stronger in the glomeruli of STZ-induced diabetic mice with LPS 
administration than in diabetic mice without LPS administration 
or in non-diabetic mice (Fig. 7A). There were statistically 
significant differences in the relative volumes of type I collagen 
accumulation in the glomeruli of non-diabetic mice and STZ- 
induced diabetic mice, and between the diabetic mice and the 
diabetic mice with LPS administration (Fig. 7B). 



Cytokine Induction by Porpliyromonas gingivalis LPS in 
the Diabetic Mouse Kidney 

The IL-6, TNF-a, and TGF-P were immunohistochemically 
detected in the glomeruli of STZ-induced type I diabetic mice 
repeatedly administered intraperitoneal Porphyromonas gingivalis LPS 
whereas no cytokines were detected in the kidneys of the diabetic 
mice without LPS (Fig. 8A) or in the non-diabetic mice with LPS 
(not shown). The expressions of IL-6, TNF-a, and TGF-P mRNAs 
in the renal cortex were detected in the STZ-induced diabetic 
mice with LPS administration but not in the diabetic mice without 
LPS (Fig. 8B) or non-diabetic mice with LPS (not shown). In tissue 
real-time PGR for cytokine mRNAs in the renal cortex, the 
mRNA amounts of IL-6, TNF-a, and TGF-P in the renal cortex 
were statistically significantly larger in the STZ-induced diabetic 
mice with LPS than in the diabetic mice without LPS or the non- 
diabetic mice with LPS (Fig. 8C). 

Discussion 

Expression of TLR2 in Glomerular Endothelial Cells of 
Diabetic Mice 

Monocyte-macrophage cell lineages commonly express innate 
immune receptor TLR2 and leukocyte adhesion molecule 
PEGAM-1. Blood endothelial ceUs express PEGAM-1 and 
adherence junction molecule VE-cadherin, and lymphatic endo- 
thelial cells express the podocyte marker podoplanin [12], [25]. 
These were immunohistochemically confirmed here in the 
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Figure 6. Quantitative analysis for TLR2 gene expression in tlie diabetic mouse icidneys and the effects of Porphyromonas gingivalis 
LPS on diabetic nephropatKiy. (A) Tissue PCR for TLR2 mRNA of the mouse renal cortex. The RT-PCR and real-time PCR analysis show that the 
mRNA amounts were larger in the STZ-induced type I diabetic ICR mice (STZ) than in the non-diabetic ICR mice (ICR). 'Significantly different (p<0.05) 
(B) Survival curve of the STZ-induced type I diabetic ICR mice with repeated intraperitoneal administrations of Porphyromonas gingivalis LPS. All of the 
6 diabetic mice with LPS (red curve) died within the survival period of all of the diabetic mice without LPS and the non-diabetic mice with LPS (blue 
curve). (C) Urinalysis for STZ-induced type 1 diabetic ICR mice with LPS at the 8th week of survival. Urine reagent strips show sugar, protein, and 
bleeding in the mouse urine of non-diabetic ICR mice (ICR), non-diabetic ICR mice with LPS (LPS), STZ-induced type I diabetic ICR mice without LPS 
(STZ), and the diabetic mice with LPS (STZ4-LPS). Extensive amounts of urinary sugar was observed in the diabetic mice and the diabetic mice with 
LPS, and the urinary protein level was higher in the diabetic mice with LPS than in the diabetic mice without LPS. 
doi:1 0.1 371 /journal.pone.00971 65.g006 



reactions of the antibodies to cultured cells and tissue sections with 
no cross reactions, indicating that the study here was successful 
(Fig. 1). There are renal cells expressing TLR2 in the human 
kidney with diabetic nephropathy and TLR2 expression was 
detected in almost all glomeruli of the type I and type II diabetic 
mouse kidneys here which showed glomerulosclerosis and edema, 
and detected in the type II diabetic mouse proximal tubules but 
not in the non-diabetic mouse kidneys (Fig. 1,2). These results 
suggest that there are TLR2-expressing cells in the glomeruli and 
proximal tubules under the condition of diabetic nephropathy. In 
the laser-scanning confocal microscopy on the glomeruli of type I 
and type II diabetic mice, the TLR2-expressing area coincided 
with the VE-cadherin and PECAM-1 -double positive areas, 
suggesting that the TLR2-expressing cells in the glomeruli with 
diabetic nephropathy were mainly glomerular endothelial cells 
(Fig. 3, 4). The reaction products with anti-TLR2 were also 
localized at the inside of the diabetic mouse proximal tubules, and 
it is thought that proximal tubule epithelial cells have the ability to 
express TLR2 on the luminal side under the condition of diabetic 
nephropathy. Signals for TLR2 mRNA were detected in the 
glomeruh and proximal tubules but only weakly in the constituents 
outside the glomeruli by the in situ hybridization, and the signals 
were stronger in the diabetic mice than in the non-diabetic mice 
(Fig. 5). The TLR2 mRNA amounts were larger in diabetic mice 
than in non-diabetic mice as determined by tissue RT-PCR of the 



renal cortex (Fig. 6A). These suggest that the enhancement of TLR 
mRNA expression occurs in the glomeruli and proximal tubules 
under diabetic conditions. The TLR2 induction has been reported 
in both diabetic patients and experimentally induced diabetes. The 
TLR2 up-regulates in monocytes under hyperglycemia in type I 
and type II diabetic patients, and the TLR2 expression is 
enhanced in patients with diabetic nephropathy [9], [10], [17], 
[19], [28], [29]. Glucose exposure induces the TLR expression 
and transforming growth factor- fi production in mouse mesangial 
cells, and TLR knockout mice show less progress of diabetic 
nephropathy than wild-type diabetic mice [30], [31]. The study 
here showed the localized expressions of TLR2 on the glomerular 
endothelial cells and proximal tubule epithelial cells, whereas the 
Bowman capsules, collecting tubules, and renal lymphatic and 
blood vessels outside glomeruli did not express TLR2 in type I and 
type II diabetic mouse kidneys. Further, we have recently showed 
the localized expression of TLR4 on the glomerular endothelial 
cells but not in other renal constituents in type I and type II 
diabetic mouse kidneys by confocal laser-scanning microscopy 
[25]. It is thought that glomerular endothelium plays the principal 
role with TLR2 and 4 in glomerulosclerosis. Since glomerular 
capillaries easily accumulate blood components in the winding 
loops of capillaries like a ball of thread, it is one of the target 
organs of type III hypersensitivity. It is thought that blood AGEs 
which accumulate in glomeruli and effuse into the proximal 
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Figure 7. Progress of collagen accumulation in the kidneys of diabetic mice repeatedly administered Porphyromonas gingivalis LPS. 

(A) Immunohistochemistry for the expression of type I collagen and podoplanin (PDPN, red) on glomeruli by laser-scanning confocal microscopy. The 
intensity of the immunostaining for type I collagen is stronger in the glomeruli of STZ-induced type I diabetic ICR mice with the repeated 
intraperitoneal administrations of Porphyromonas gingivalis LPS (STZ+LPS) than in the diabetic mice without LPS (STZ) and in the non-diabetic ICR 
mice (ICR). Bar, 20 [im. (B) Quantitative analysis for type I collagen positive areas in the glomeruli. Areas immunostained by anti-type I collagen and 
anti-podoplanin in ten different glomeruli of laser-scanning microscopic images were measured by ImageJ. The relative volume of type I collagen 
accumulation in the glomeruli was expressed by a mean ratio; area of type I collagen in a glomerulus/area of a glomerulus within podoplanin-positive 
podocytes. There were statistically significant differences in the relative accumulations of type I collagen in the glomeruli of non-diabetic ICR mice 
(ICR) and STZ-induced type I diabetic ICR mice (STZ), and between the diabetic mice and the diabetic mice with LPS (STZ4-LPS). Data are expressed as 
means4-SD. 'Significantly different (p<0.01). 
doi:1 0.1 371/journal.pone.00971 65.g007 



tubules may induce TLR2 expression by recognition through 
AGE receptors on glomerular endothelial cells and proximal 
tubule epithelial cells. 

Porphyromonas gingivalis LPS Effects Promotion of 
Diabetic Nephropathy 

The recognition of TLR ligands induces cytokine production in 
TLR expressing ceUs [11], [12], [13]. Crude LPS from the 
periodontal pathogen Porphyromonas gingivalis activates both TLR2 
and TLR4 because of the covalently bound lipopeptide [16], [17], 
[18]. In diabetic mice which have elevated urinary sugar 
excretion, urinary protein excretion increased by repeated 
administrations of Porphyromonas gingivalis LPS and all of the LPS- 
administered mice died within the survival period of aU of the LPS- 
untreated diabetic mice and non-diabetic mice with LPS, 
suggesting that Porphyromonas gingivalis LPS hastens the mortality 
risk due to diabetes mellitus (Fig. 6B). The relative volume of type I 
coUagen accumulation in the glomeruli was larger in diabetic mice 
which were treated with repeated administrations of Porphyromonas 
gingivalis LPS than in LPS-untreated diabetic mice, suggesting that 



Porphyromonas gingivalis LPS promotes type I collagen accumulation 
(Fig. 7). Further, more IL-6, TNF-a, and TGF-fi were produced in 
the glomeruh of diabetic mice which were treated with repeated 
administrations oi Porphyromonas gingivalis LPS than in the glomeruli 
of LPS-untreated diabetic mice or LPS-admrnistered non-diabetic 
mice (Fig. 8). These results suggest that the production of IL-6, 
TNF-ot, and TGF-P occurred due to the repeated administrations 
of LPS where the administration of LPS does not cause the 
induction of these three under healthy conditions. AU the 
components derived from gastrointestinal bacteria are metabolized 
in the liver while microorganisms from infection lesions of the oral 
cavity and pharynx directly enter the kidney through the systemic 
circulation. Severe periodontitis easily gives rise to bacteremia, and 
it is thought tiiat blood TLR ligands like LPS or LTA, which 
originate from periodontal pathogen microorganisms, accumulate 
in the glomeluri, and that TLR ligands induce leukocytes and 
glomerular endothelial cells to produce proinflammatory cytokine 
IL-6 and TNF-ot which enhance tissue destruction, and anti- 
inflammatory cytokine like TGF-|3, which allows mesangial cells 
around glomerular endothelial cells to produce extracellular 
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Figure 8. Cytokine induction by Porphyromonas gingivalis LPS in tKie diabetic mouse l<idneys. (A) Immunohistochemistry for the 
expression of cytol<ines and podoplanin (PDPN) in glomeruli by laser-scanning confocal microscopy. The IL-6, TNF-ot, and TGF-|3 were detected in the 
glomeruli of STZ-induced type I diabetic ICR mice with the repeated intraperitoneal administration of Porphyromonas gingivalis LPS (STZ+LPS) 
whereas the no cytokines were detected in the kidneys of the diabetic mice without LPS (STZ). Bar: 20 |im. (B) Tissue RT-PCR for cytokine mRNAs in 
mouse kidneys. The amplicons of IL-6, TNF-a, and TGF-)3 mRNAs were detected from both the renal cortex of STZ-induced type I diabetic ICR mice 
with the repeated intraperitoneal administrations of Porphyromonas gingivalis LPS (STZ+LPS) and cultured mouse macrophage J774.1 with LPS, 
whereas they were not detected from the diabetic mice without LPS (STZ). (C) Tissue real-time PCR for cytokine mRNAs in mouse kidneys. The gene 
expression amounts of IL-6, TNF-a, and TGF-p were statistically significantly larger in the kidney tissue of STZ-induced type I diabetic ICR mice with 
the repeated intraperitoneal administrations of Porphyromonas gingivalis LPS (STZ+LPS) than in the diabetic mice without LPS (STZ) and in the non- 
diabetic ICR mice with LPS (LPS). Data are expressed as means+SD. *Significantly different (p<0.01). 
doi:10.1371/journal.pone.0097165.g008 



matrix proteins playing a central role in tissue repair and 
glomerulosclerosis [32], [33], [34], [35], [36], [37]. The TLR 
ligands originating from periodontitis like Porphyromonas gingivalis 
LPS may promote diabetic nephropathy. 

Acknowledgments 

All of the authors have directly participated in the planning, execution, 
analysis, and writing of the manuscript. 



Author Contributions 

C^onccivcd and designed the experiments: YS. Performed the experiments: 
YS ST. Analyzed the data: YS ST. Contributed reagents/materials/ 
analysis tools: YH HI ET. Wrote the paper: YS ST. 



References 

1. Forbes JM, Cooper ME, Oldfield MD, Thomas MC (2003) Role of advanced 
glycation end products in diabetic nephropathy. J Am Soc Nephrol 14: 254—258. 

2. Yan SF, Ramasamy R, Schmidt AM (2008) Mechanisms of disease: advanced 
glycation end-products and their receptor in inflammation and diabetes 
eomphcations. Nat Clin Pract Endocrinol Metab 4: 285-293. 

3. Antonetti DA, Klein R, Gardner TW (2012) Mechanisms of Disease: Diabetic 
Retinopathy. N EnglJ Med 366: 1227-1239. 



4. Mauer SM, Steffes MW, Ellis EN, Sutherland DE, Brown DM, et al. (1984) 
Structural functional relationships in diabetic nephropathy. J Chn Invest 74: 
1143-1155. 

5. Steffes MW, Ostcrby R, Chavers B, Mauer SM (1987) Mcsangial expansion as a 
central mechanism for loss of kidney function in diabetic patients. Diabetes 38: 
1077-1081. 

6. Haneda M, Koya D, Isono M, Kikkawa R (2003) Overview of glucose signaling 
in mesangial cells in diabetic nephropathy. J Am Soe Nephrol 14: 1374—1382. 



PLOS ONE I www.plosone.org 



10 



May 2014 | Volume 9 | Issue 5 | e97165 



Diabetic Nepliropathy Promotion with Porphyromonas gingivalis LPS 



7. Mason RM, Wahab NA (2003) Extracellular matrix metabolism in diabetic 
nephropathy. J Am Soc Nephrol 14: 1358—1373. 

8. van Beijnum JR, Buurman WA, Griffioen AW (2008) Convergence and 
amplification of toll-like receptor (TLR) and receptor for advanced glycation end 
products (RAGE) s^naling pathways via h^h mobility group Bl (HMGBl). 
Angiogenesis 11: 91-99. 

9. Wong FS, Wen L (2008) Toll-like receptors and diabetes. Ann NY Acad Sei 
1150: 123-132. 

10. Dasu MR, Devaraj S, Park S, Jialal I (2010) Increased toll-like receptor (TLR) 
activation and TLR ligands in recendy diagnosed type 2 diabetic subjects. 
Diabetes Care 33: 861-868. 

11. Li C, Wang Y, (iao L, Zhang J, ShaoJ, ct al. (2002) Expression of" toll-like 
receptors 2 and 4 and CD 14 during diticrcntiation of HL-60 cells induced by 
phorbol 12-myristate 13-acetate and 1 alpha, 25-dihydroxy-vitamin D(3). Cell 
Growth Differ 13: 27-38. 

12. Takeda K, Kaisho T, Akira S (2003) Toll-like receptors. Annu Rev Immunol 21: 
335-376. 

13. Kawai T, Akira S (2010) The role of pattern-recognition receptors in innate 
immunity: update on Toll-like receptors. Nat Immunol 11: 373—384. 

14. Schaeliler A, Gross P, Buettner R, BoUheimer C, Buechler C, et al. (2009) Fatty 
acid-induced induction of Toll-like rcecptor-4/nuclear faetor-kappaB pathway 
in adipocytes links nutritional signalling with innate immunity. Immunolo^g)' 126: 
233-245.' 

15. Cheng A, Dong Y, Zhu F, Liu Y, Hou FF, ct al. (2013) AGE-LDL activates FoU 
like receptor 4 pathway and promotes inflammatory cytokines production in 
renal tubular epithelial cells. Int J Biol Sci 9: 94—107. 

16. Zhou Q, Desta T, Fenton M, Graves DT, Amar S (2005) Cytokine profiling of 
macrophages exposed to Porphyromonas gingivalis, its lipopolysaccharide, or its 
FimA protein. Infect Immun 73: 935-943. 

17. Benakanakere MR, Li Eskan MA, Singh AV, Zhao J, ct al. (2009) 
Modulation of TLR2 protein expression by miR-105 in human oral 
keratinocytes. J Biol Chem 284: 23107-23115. 

18. Lei L, Li H, Yan F, Xiao Y (2013) Hyperlipidemia impaired innate immune 
response to periodontal pathogen Porphyromonas gjm^valis in apolij^oprotcin E 
knockout mice. PLoS One 8: e71849. Available: http://www.plosonc.org/ 
article/info%3Adoi%2F10.137 1 %2Fjournal.pone.007 1849. Accessed 16 August 
2013. 

19. Li F, Yang N, Zhang L, Tan H, Huang B. et al. (2010) Increased expression of 
toU-likc receptor 2 in rat diabetic nephropathy. Am J Nephrol 32: 179—186. 

20. Lin M, Yiu WH, Wu HJ, Chan LY, LeungJC, et al. (2012) Toll-like receptor 4 
promotes tubular inflammation in diabetic nephropathy. J Am Soc Nephrol 23: 

86-102. 

21. Mudaliar H, PoUoek C, Komala MG, Chadban S, Wu H, et al. (2013) The role 
of ToU-like receptor proteins ( FLR) 2 and 4 in mediating inflammation in 
proximal tubules. Am J Physiol Renal Physiol 305: 143-154. 

22. Shishido T, Nozaki N, Yamaguchi S, Shibata Y, Nitobe J, et al. (2003) Toll-like 
receptor-2 modulates ventricular remodeling after myocardial infarction. 
Circulation 108: 2905-2910. 



23. Sherry CJL, O'Connor JC, Kramer JM, Frcund GG (2007) Augmented 
lipopolysaccharide-induccd TNF-alpha production by peritoneal macrophages 
in type 2 diabetic mice is dependent on elevated glucose Eind requires p38 
MAPK. J Immunol 178: 663-670. 

24. Eskan MA, Benakanakere MR, Rose BG, Zhang P, Zhao J, et al. (2008) 
Interleukin-lbeta modulates proinflammatory cytokine production in human 
epithelial cells. Infect Immun 76: 2080-2089. 

25. Takata S, Sawa Y, Uchiyama T, Ishikawa H (2013) Expression of toll-like 
receptor 4 in glomerular endothelial cells under diabetic conditions. Acta 
Histoehcm Cytochcm 46: 35-42. 

26. Fan MH, Wong KL, Wu S, Leung WK, Yam WC, et al. (2010) Preconditioning 
with Porphyromonas gin^valis lipopolysaccharide may confer cardioprotection and 
improve recovery of the electrically induced intracellular calcium transient 
during ischemia and reperfusion. J Periodontal Res 45: 100—108. 

27. Herminajeng E, Sosroseno W, Bird PS, Seymour GJ (2001) The effects of 
interleukin-10 depletion in vivo on the immune response to Porphyromonas 
gingivalis in a murine model. J Periodontol 72: 1527-1534. 

28. Devaraj S, Dasu MR, RockwoodJ, Winter W, Griffen SC (2008) Increased toll- 
like receptor (ITR) 2 and TLR4 expression in monocytes from palicnls wiih 
type 1 diabetes: further evidence of a proinflammatory state. J Clin Endocrinol 
Metab 93: 578-583. 

29. Devaraj S, Jialal I, YunJM, Bremer A (2011) Demonstration of increased toll- 
like receptor 2 and toll-like receptor 4 expression in monocytes of type 1 diabetes 
mellitus patients with microvascular complications. Metabolism 60: 256—259. 

30. Devaraj S, 'Fobias P, Kasinath BS, Ramsamooj R, Afify A (201 1) Knockout of 
toll-like receptor-2 attenuates both the proinOammatory state of diabetes and 
incipient diabetic nephropathy. Arterioselcr Thromb Vase Biol 31: 1796-1804. 

31. Kuwabara T, Mori K, Mukoyama M, Kasahara M, Yokoi H, ct al. (2012) 
Exacerbation of diabetic nephropathy by hyperlipidaemia is mediated by Foil- 
like receptor 4 in mice. Diabetologia 55: 2256-2266. 

32. Kato M, ZhangJ, Wang M, Lanting L, Yuan H, et al. (2007) MicroRNA-192 in 
diabetic kidney glomeruli and its function in TGF-beta-induced collagen 
cx];)ression via inhibition of E-box repressors. Proc Nad Acad Sci USA 104: 
3432-3437. 

33. Seki E, De Minicis S, Osterrcicher CH, Kluwe J, Osawa Y, et al. (2007) 'l'LR4 
enhances TGF-beta signaling and hepatic fibrosis. Nat Med 13: 1324-1332- 

34. Kaur H, Chien A, Jialal I (2012) Hyperglycemia induces ToU like receptor 4 
expression and activity in mouse mesangial cells: relevance to diabetic 
nephropathy. Am J Physiol Renal Physiol 303: 1145-1150. 

35. Cheng X, Gao W, Dang Y, liu X, Li Y, et al. (2013) Botii ERK/MAPK and 
TGF-bcta/Smad signaling pathways play a role in the kidney fibrosis of diabetic 
mice accelerated by blood glucose fluctuation. J Diabetes Res 2013: 463740. 

36. Hornigold N, Johnson TS, Huang L, Haylor JL, Griffin M, ct al. (2013) 
Inhibition of collagen 1 accumulation reduces glomerulosclerosis by a Hic-5- 
depcndent mechanism in experimental diabetic nephropathy. Lab Invest 93: 
553-565. 

37. Huang C, Shen S, Ma Q, Chen J, Gill A, et al. (2013) Blockade of KCa3.1 
ameliorates renal fibrosis through the TGF-Pl/Smad pathway in diabetic mice. 
Diabetes 62: 2923-2934. 



PLOS ONE I www.plosone.org 



11 



May 2014 I Volume 9 | Issue 5 | e97165 



